Horizontal stability of the medium rise steel frame structures is usually ensured by vertical bracings and diaphragm action of composite floors. Load transfer within the composite floor system is made through shear connectors, e.g. headed studs. In an event of explosion, such connectors must reserve sufficient residual stiffness and strength in order to avoid a sudden or delayed collapse of the building. These remaining capacities have not been experimentally studied yet in the literature. This paper presents large scale horizontal push out tests to determine the residual stiffness of the shear connectors after being initially damaged by explosion. The initial damaging is reproduced by a pull-out test using a quasi-static loading.
Introduction
The present-day serviceability of steel frame buildings in industry and commerce has exposed the structures with high risk to extreme and accidental loadings, particularly explosion. Many incidents, such as Azote de France Fertilizer factory in Toulouse (AFT),
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Buncefield in UK and CPR Tank Farm in Puerto Rico to name a few, have damaged structures within a large surrounding area, causing serious casualties and substantial property loss. It is thus increasingly important to design structural buildings with such exposure to withstand the effects of blast loading. The Buncefield investigation led to the recommendations on land use planning and the control of societal risk around major hazard sites in addition to Health and Safety Executive (HSE) to take into account not only direct human harm but also property damage and other harms to communities. Coming after the incident of AFT in Toulouse, a regulation was established to allow the design of concrete buildings that can resist blast actions with an intensity up to 12 kPa. However, steel framed buildings are not permitted to tolerate even with low level of explosion except if the spacing between steel frames is less than 5 m. This consideration is based on inertia effects while robustness of steel structures, i.e. high ductility and redundancy, is not considered. Until recently, either large-scale buildings or concrete structures are included in the regulations while low-to-medium rise steel buildings subject to global explosion have not been studied
yet. Consequently, a European project called Blast Actions on Structures In Steel (BASIS)
has been proposed to investigate and develop a methodology for the safe design of low to medium rise office buildings subjected to large external explosions.
The research work in BASIS project is based on a reference building of a typical business park office building that fits the description of low to medium rise building. This threestorey office structure (See Fig. 1 and 2) was designed based on usual loadings in simple construction using the principle of Eurocodes 1993 and 1994. In this type of frame building, the composite floors are supported by steel columns. The wind actions are transmitted from façades to the vertical steel bracings by the diaphragm action of the composite floor and by shear actions of shear connection. From the reference building design in [1] , the wind action expected to transmit through the shear connectors was estimated at 10 kN/m. The response of such multi-storey steel frame building subjected to blast loading involves complex interactions between building envelope, composite floor, frame system, and connections. The load transfer between the composite floor and its frames depends strongly on the performance of the shear connectors. Headed steel stud anchors welded to steel beam and encased in 2 IPE 360 (12) IPE 360 (12) IPE 300 (12) IPE 270 (24) 
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concrete are commonly used as shear connectors to transfer forces in the composite beam system. Being a part of BASIS project, this paper presents an experimental investigation on the residual shear stiffness and strength of stud connectors after being submitted to blast actions. For the past 50 years, different aspects of the behavior of the headed steel studs such as failure mode, shear capacity and load-slip relation have been assessed throughout empirical studies using small-scale standard or full scale push-out tests. After the earlier push-out tests [2, 3] , small-scale standard tests were established in CP117 [4] , BS5950 [5] and Eurocode 4 [6] . In such tests, the push-out specimen is composed of a profiled steel beam connected to two blocks of concrete by shear connectors. Ollgaard et al in 1971 [7] used the small scale push-out test setup to investigate the capacity and behavior of stud shear connectors embedded in lightweight and normal weight concrete. Prakash et al [8] presented modified pushout tests to determine shear strength and stiffness of high strength steel studs, in which the reinforcement, method of casting concrete and test setup were altered from the standard tests with an adaptation to enhance splitting resistance of reinforced concrete. In addition to this, Shim et al [9] performed pushout tests on specimens fabricated in accordance with Eurocode 4 [6] to determine static behavior of large stud shear connectors (diameter 25, 27, 30 mm stud). On the other hand, Lloyd and Wright [10] conducted a series of large scale push-out tests of composite beam specimens (See Fig. 3 ) with the objective to recommend a standard configuration for through-deck push-out test. In their study, 42 push-out tests have been performed by varying some parameters such as the width of the slab, the detail of mesh reinforcement, and the number of profiled steel sheet pitches. Having similar test setup to the one described in [10] , Smith and Couchman [11] carried out 27 push tests on specimens of composite beam using a new push rig to investigate the effect of variables such as meshed position, transverse spacing of shear connectors, number of shear connectors per trough and the slab depth. In 2009, Hicks [12] also implemented two types of tests on the headed stud connectors welded in profiled steel sheeting and embedded in reinforced concrete slab. One of his setups is a standard push-out test as defined in Eurocode 4 [6] whereas the other setup is a full-scale composite beam illustrated in Fig. 4 . Apart from this, Lam [13] proposed a new horizontal push-out test setup using full-scale specimens of composite beams with 4 A C C E P T E D M A N U S C R I P T
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precast hollowcore slab. He performed 7 push-out tests with a new configuration of headed studs in solid RC slabs to validate the test procedure, and the results agreed well with the ones specified in the available codes [5, 6] . This new full-scale horizontal test arrangement is proposed due to the reasons that the standard push-out test specified in Eurocode 4 does not fit for a specimen of precast hollowcore composite slab. Later in 2011, Qureshi et al [14] adopted the new horizontal push-out test configuration presented by Lam [13] to carry the push tests on headed shear studs in composite beams with composite profiled sheeting slab.
Parametric studies were then performed through a simulation of the push-out test using a 3-dimentional nonlinear finite element model in ABAQUS/Explicit [15] to investigate the effect of shear connector spacing and layout on the shear connector capacity. In composite construction of steel frame buildings, composite floors have important roles
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in performing diaphragm action both to transmit lateral loads to the bracing system and to pass on vertical load to frame system. In such a case, the headed shear studs are subjected to combined tension and shear action. Pallarés and Hajjar [16] assessed the limit state formulas for headed stud anchors under shear-tension interaction action against 54 experiments found in literatures [17, 18] in the context of AISC specifications and compared the results with standard provisions [19, 20, 21] . However, the structural behavior of headed shear studs embedded in composite slabs with profiled steel sheeting under combined action has not
been assessed yet. Besides, to the best knowledge of the authors, the influence of the initial damage of the composite beam-slab connection caused by uplift blast action onto shear capacity of headed shear stud connectors has not been investigated in the literature yet.
However, the knowledge of this residual strength is important for the design since the load 
Experimental Plan
To be able to determine experimentally the residual stiffness of the shear connectors in the composite beam after it has suffered out-of-plan damage caused by high pressure from blast, the following experimental plan was defined. First, three composite beam specimens were submitted to push-out tests at Institut National des Sciences Appliquées de Rennes (INSA de Rennes) in order to find their initial shear characteristics. Next, two of the specimens were sent to Institut National de l'Environnement Industriel et des Risques (INERIS) for 6
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the explosion test to generate damage due to blast. The third specimen was prepared to serve as a reference to define the shear capacities of the connectors without initial blast damage. After being exposed to explosion, the two specimen were delivered back to INSA de Rennes to perform the push-out tests in order to determine the residual shear stiffness and the ultimate shear resistance of the specimen. At this stage, the third specimen was also tested for the shear resistance.
Unfortunately, the explosion tests at INERIS had completely destroyed the two composite specimens, which made it impossible to test them for residual stiffness. As a consequence, it was decided to alter the experimental plan. A supplementary pull-out test was performed on the third specimen to quasi-statically reproduce the pre-damaging of the specimen. It has been proven in [23] that the response of the specimen under explosion in the experiment was quasi-static. Such behaviour can be reproduced by the pull-out type test. The damaged specimen was then tested for the residual stiffness and the ultimate shear resistance.
Specimen and Material Properties
The composite beam specimen was defined with regard to the aforementioned reference Table 1 where the yield strength, the mean value of yield strength, the ultimate strength and the mean value of the ultimate strength are denoted by f y , f ym , f u and f um , respectively. For all the materials, the obtained mean values passed the nominal yield strength. On the other hand, the concrete material of concrete specimens were carried out at the age of 33 days, 99 days and 121 days. The tests at the age of 33 days were to determine the nominal strength of the concrete while the tests at 99 days and 121 days were made before and after the initial stiffness tests respectively in order to know the concrete strength at the approximated time of testing. The results of the cylinder compressive tests are summarized in Table 2 where the concrete strength, the mean value of concrete strengths are denoted by f c and f cm , respectively. Among the cylinder tests, two tests were not taken into consideration due to erroneous results. The concrete class specified in the design of reference building was C30/37; the mean value of the concrete strength from the tests was obtained at f cm = 37.15 MPa, which is quite comparable to the mean value theoretically assumed for the concrete C30/37 (f cm = 38 MPa).
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Push-out Test: Experimental Setup and Loading Procedure
The experimental setup of the horizontal push-out test of the composite floor was positioned on a rigid frame system (meshed floor and reacting frame), as shown in Fig. 6 .
The rigid frame system was designed to have large rigidity so that its displacements in all directions are not allowed to occur. Local buckling of the elements in the rigid system is also avoided by stiffeners. Having one end fixed to the reacting frame by bolts, a hydraulic in which
where f u is nominal yield strength of the stud; γ v , safety factor; d, diameter of the stud; f ck , nominal strength of concrete; E c , Young modulus of concrete; a = 1.
However, the shear resistance of the stud in the sheeting profile, which is the design shear resistance per stud, is determined by multiplying the shear resistance per stud in solid concrete panel P Rd,c with a reduction factor k t as P Rd,s = k t × P Rd,c = 81.7 × 1.04 = 85 kN (4) in which
with n r , number of stud per trough; b 0 , average width of trough; h s , height of the sheeting profile.
The estimated shear resistance per stud is then calculated by multiplying the safety 12
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factor with the design shear resistance as following
For 8 studs, the ultimate shear resistance was approximately at 850 kN. The capacity of the force jack of 1500 kN and the design of the bracing system and test setup for the load of 1500 kN were sufficiently strong to ensure proper test conditions.
In the push-out test for initial and residual stiffness, the maximum load was limited at 100 kN to avoid possible cracking in concrete material. Three phases of the servo-controlled loading procedure were exerted:
• The load was increased until 10 kN;
• 10 cycles of loading and unloading procedure between 10 and 20 kN were applied;
• 5 cycles of loading and unloading procedure between 10 and 100 kN were applied.
In push-out test for residual ultimate resistance, the load was increasingly applied until the collapse of the specimen.
The longitudinal slip was measured by LVDT sensors with a maximum displacement capacity of +/− 2.5 mm, placed at ten locations as indicated in Fig. 8 , for the initial and residual stiffness push-out test. On the other hand, for residual ultimate resistance push-out test, the longitudinal slip was recorded only at four locations where LVDT sensors with a maximum displacement capacity of +/− 25 mm were located (see Fig. 9 ). Fig. 10 gives a general view of specimen and test setup. It can be inferred from the results of the numerical simulations of blast tests on the specimen, which were done by Tecnalia within the BASIS project [23] , that the inertia effect is negligible. Hence, to reproduce the pre-damage of the explosion, a supplementary pull-out test that applies a quasi-static load was suggested. The experimental set-up of the pull-out test is illustrated in Fig. 11 . In this setup, the IPE-200 steel beam of the composite beam specimen was connected to a steel frame by 32 HM-10 bolts arranged into two lines.
The frame consisted of an HEB-300 profile at top, an HEB-400 profile at bottom and two HEA-200 profiles. Two hydraulic servo controlled actuators with a capacity of 500 kN applied vertical loads on the HEB-300 profile of the frame symmetrically so that a uniform distribution of tension forces and damaging in every stud can be achieved. The composite beam specimen was placed at the Comflor side on two HEB-300 stringers parallel to the IPE-200 steel beam. The interface between the Comfor steel sheeting and the stringers was made by two greased PTFE plates to reduce friction between the surfaces. The stringers were hinged to UPN-220 supporting columns with free rotation. Potentiometer sensors were placed at three locations (See Fig. 12(a) ) at mid-span to measure the global displacements of the specimen. A sensor with a maximum displacement capacity of +/− 100 mm was used at the locations below the bottom surface of the HEB-400 profile whereas sensors with a maximum displacement capacity of +/− 25 mm were used at the locations below the bottom surface of the stringers. The vertical uplift of the stud connectors were recorded by 8 LVDT sensors, with a maximum displacement capacity of +/− 2.5 mm. These sensors were located along the IPE-200 steel beam, see Fig. 12(b) . From the measurements made during the blast test at INERIS, the load applied on the steel beam was 280 kN. However, the test set-up was designed for an applied load up to 800 kN. Due to the uncertainty on the maximum applied load that would not completely damage the specimen, the loading procedure follows two phases:
• First, the specimen was loaded up to 70 kN, and the initial stiffness is determined based on force-mean displacement curve.
15
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• Then, the loading was resumed with low rate so that it could be stopped if the displacement lead to a secant stiffness that was ten time smaller than the computed initial stiffness or if a significant change of the evolution of the specimen could be visually observed.
(a) (b) Figure 12 : (a). Potentiometer sensors (b). LVDT sensors.
Pull-out Test: Experimental Results
The pull-out test of the third specimen was carried out on 28/04/2015. Two force actuators applied downward forces on the specimen by imposing displacements, and the force history was recorded by the Deltec force sensors. The relative displacement between the two force jacks was adjusted along the test in order to maintain similar forces in each jack. Two cycles of loading and unloading between a total force of 30 and 70 kN were made to acquire information about the initial stiffness. The force-displacement curve using global displacement is plotted in Fig. 13 . The loading was stopped as soon as the force was seen decreased with increasing displacement. The maximum force attained was measured to 162.6 kN, which gives approximately 20 kN per stud. The evolution of the uplift displacements measured by the LVDT sensors is presented in Fig. 15 . The uplift displacement grew larger 17 at the extremities. It was considered that the studs had reached their maximum limit load with the evidence of the uplift displacement ranging between 0.6 mm to 2.3 mm. It was concluded that the yielding of rebars happened as a plateau was observed in the forcedisplacement curve. The cracking of concrete after pull-out test is shown in Fig. 14 . The concrete zones around the shear connectors were surely damaged because large values of beam-concrete uplifts were measured. Yielding of steel sheet was also noticed. To make a verification of the result with the analytical expression [24] , the force at each stud is calculated using the expression in Eq. (7). The force summed for all the studs are presented in Table 3 , and the level of magnitude of the force agrees well with the actual applied load of 100 kN.
Push-out Test: Experimental Results
Initial stiffness test
19
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where P u = 106.2 kN is the ultimate resistance of the stud (see Eq. (6)) and S is the slip of the stud. 
Residual stiffness test
After pull-out test, the third specimen was submitted to push-out test for residual stiffness on 07/05/2015. For this test, the contact between the concrete and the support was limited to a width of 60 cm only. The evolution of slips with the force is shown in Fig. 18 .
The response behavior in the first cycle of the loading and unloading between 10 and 100 kN differed from the other four cycles. This can be explained by the fact that the concrete zone around the stud must have been damaged by the pull-out test, which required some movement in the first cycle to obtain good contact again. The comparison is also made in Fig. 19 between the mean slips obtained in the initial stiffness push-out test and the slip observed in the residual stiffness test for the first and the last loading/unloading cycle. The mean value among the slips are summarized in Table 4 . It can be approximately deduced from the results given in Table 4 
Residual ultimate resistance test
To acquire the residual resistance of the composite beam specimen after pre-damaging by pull-out force, the push-out test of the specimen up to the ruin of the specimen was performed on 13/05/2015. The evolution of the mean slip against the force is presented in Fig. 21 . There was an accidental move of the test setup, which made an unloading at around 400 kN. However, the reloading reached the same envelop curve. The maximum load corresponding to the residual resistance of the specimen was attained at 530 kN. Although the initial resistance was not determined from experimental test, the formula provided in 22 ). CARTESIAN-type connector is an option available in ABAQUS, which provides a connection between two nodes at which the change of the position is measured at the three local directions by defining a local origin at one node, and the change is measured at the other node in reference to the first one. Not imposing any kinematic constraints, such connector's behavior can be assigned separately with respect to different directions. Hence, the behavior property of the CARTESIAN-type connector is defined by a large stiffness whereas, in horizontal direction, the force-displacement relation is defined following Eq. The rebar mesh was embedded in the concrete panel. The HEB-300 steel beams that support the specimen are constrained to a reference point using Rigid-Body Constraint.
The configuration of the modelling used to simulate the pull-out test is shown in Fig. 23 .
The boundary conditions for the pull-out test and the push-out test are illustrated in Fig.   24 (a) and 24(b), respectively. In the pull-out test, the reference points that constrain the HEB-300 steel beams are fixed in all directions except the rotation around x-axis. In the push-out test, the picked bottom surfaces of the IPE-200 steel beam are fixed in vertical direction (y-axis), the picked edge surface of the concrete panel is fixed in horizontal direction (x-axis), the picked top surface of the concrete panel is fixed in vertical direction (y-axis), and the reference points that constrain the HEB-300 steel beams are fixed in all directions except the rotation around x-axis. 
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Material model
The concrete damaged plasticity model was used for concrete material behavior. For the behavior in compression, the stress-strain relationship was used in accordance to EN 1992.1.1:
in which
where
cm is the strain at ultimate compressive strength of concrete; ε c is the compressive strain in concrete; E cm is the secant modulus of elasticity. Following [14] , the tensile behavior of the concrete was modelled by the tensile stress (σ t ) versus the cracking displacement (w) relationship that was defined by:
with
where f t is the tentile strength, c 1 = 3 and c 2 = 6.93, for normal density concrete, are material constants, and the fracture energy G f is defined by [25] :
For steel material model of profiled steel sheet, shear studs and rebar, an elastic perfectly plastic material behaviour is used. The modulus of elasticity of all the steel steel components is taken as E = 200 GPa. The yield stress of the profiled steel sheet, shear studs and profile
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beams is assumed to be 355 MPa while yield stress of the rebars is taken as 535 MPa.
Parametric study
In order to better study the effect of pre-damaging on the resistance and stiffness of the shear stud connectors, the level of the pre-damaging is varied in the numerical simulation by changing the global pull-down displacement, which was 18.75 mm in the experimental test (see Fig. 13 ). The values considered are 0, 10 mm, 18.75 mm, and 25 mm. The first value will provide information about the initial resistance that is lacking in the experimental test. 
Pull-out test
The pull-out test of the third specimen was also simulated using the full solid model.
The force-uplift curves are compared between the experimental test and the numerical simulations (with different level of pull-out displacement) in Fig. 27 . This pull-out test was intended to apply pre-damaging to the specimen in order to reproduce the explosion effect.
During the experimental test, a global pull-out displacement of 18.75 mm was applied. The loading was stopped when the yielding of the steel sheet and rebars were assumed. With the same level of global pull-out displacement, the analysis of the stresses in the simulation confirms that the material yielding of the Comflor profiled steel sheet and rebar occurred in the flutes near the studs (see Fig. 28 and 29) . Based on the stress map, the pull out force 
Residual push-out test
The push-out test was also simulated in a 3D model. The model was pre-damaged by the simulation of the pull-out test, and then submitted to the push-out load in order to determine the residual stiffness and resistance. The finite element modelling of the postfailure behaviour of this composite beam specimen under pull-out and push-out actions is highly complicated in account of the inelastic brittle material behaviour of concrete, the localized characteristics of shear stud connectors and the simultaneous contact interaction between various components. Various uncertainties such as contact property between the concrete panel and steel sheet also take part in the difficulty of the numerical simulation.
Due to such difficulty to model the coupling effect of the damage caused by pull-out force to the shear resistance, the simulation was not able to reproduce the shear stiffness of the shear connectors in the composite specimen obtained in the experimental experiment.
In spite of that, the curves of the push-out load versus the mean slip are plotted in The applied push-out force is distributed to the shear studs in a way that the stud closer to the applied force is under the most stress (Fig. 33 ). This can also be illustrated by the equivalent plastic strain in Fig. 34 .
The load-slip curves are also illustrated in sion that can be drawn from this parametric study is that the ultimate shear resistance of the stud connectors is influenced by the damage of the concrete material around the shear studs. A reduction of approximately 40 % of the ultimate shear resistance is obtained for the pre-damaging that leads to major concrete cracking.
Conclusion
This paper presents a series of large-scale push-out tests and pull-out tests carried out with the aim to evaluate the influence of pre-damaging on the shear capacity of headed shear stud connectors welded to steel beam and embedded in composite floor with profiled steel sheeting. Three specimens were submitted to push-out tests to determine the initial shear stiffness of the shear connectors. Next, a pull-out test was carried out on one specimen to reproduce the pre-damaging by explosion of the specimen. The pre-damaged specimen was then submitted to shear load in another push-out test to find the residual shear stiffness.
Finally, the residual resistance of the specimen in shear was determined in a last push-out test that applied the shear load until full collapse of the specimen.
Two models of numerical simulation have also been performed to assess a better understanding of the experimental tests. The results from the numerical simulation provide the following insights. For one thing, experimental results of initial push-out tests are consistent with the information provided by the large historical background about the headed stud behavior under shear loading. Second, the yielding of the specimen attained in the pull-out test was confirmed and quantified.
At the end, the following information can be concluded:
• For studs in a steel-concrete connection of a composite beam that are submitted to a pull-out action that leads to the damage of the concrete around the shear studs, the residual stiffness in shear is reduced by a factor in a range between 10 and 20 compared to their initial stiffness.
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• Their residual resistance in shear is decreased by a factor of about 2 compared to their initial theoretical resistance without pre-damaging.
This preliminary study gives only partial information. However, from a practical point of view, the order of magnitude for the reduction of the initial stiffness due to pre-damaging can be considered accurate enough, bearing in mind the large uncertainties on the level of the blast actions. Regarding the resistance, it can also be inferred that the residual strength of the shear studs is sufficiently large to resist the usual wind actions as this latter induces forces that are small compared to the residual resistance.
As a conclusion, this paper gives a first full practical approach for evaluating the residual capacities of shear stud connection after being submitted to a blast action.
